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Paosition an array of compliant transfer heads

over an array of micro devices
3810

Contact the array of micro devices with the

array of compliant transfer heads
820

Apply a voltage to the array of compliant
transfer heads

3830

Pick up the array of micro devices with the

array of compliant transfer heads
3840
l

Release the array of micro devices onto a
receiving substrate

3850

FIG. 38
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1
COMPLIANT BIPOLAR MICRO DEVICE
TRANSFER HEAD WITH SILICON
ELECTRODES

RELATED APPLICATIONS

The present application is a continuation of Ser. No.
14/221,071, filed Mar. 20, 2014, which is a continuation of
U.S. patent application Ser. No. 14/063,963, filed Oct. 25,
2013, now U.S. Pat. No. 8,716,767, which is a continuation of
U.S. patent application Ser. No. 13/543,680, filed on Jul. 6,
2012, now U.S. Pat. No. 8,569,115, which is incorporated
herein by reference.

BACKGROUND

1. Field

The present invention relates to micro devices. More par-
ticularly embodiments of the present invention relate to a
compliant bipolar micro device transfer head and a method of
transferring one or more micro devices to a receiving sub-
strate.

2. Background Information

Integration and packaging issues are one of the main
obstacles for the commercialization of micro devices such as
radio frequency (RF) microelectromechanical systems
(MEMS) microswitches, light-emitting diode (LED) display
systems, and MEMS or quartz-based oscillators.

Traditional technologies for transferring of devices include
transfer by wafer bonding from a transfer wafer to a receiving
wafer. One such implementation is “direct printing” involv-
ing one bonding step of an array of devices from a transfer
wafer to a receiving wafer, followed by removal of the trans-
fer wafer. Another such implementation is “transfer printing”
involving two bonding/de-bonding steps. In transfer printing
a transfer wafer may pick up an array of devices from a donor
wafer, and then bond the array of devices to a receiving wafer,
followed by removal of the transfer wafer.

Some printing process variations have been developed
where a device can be selectively bonded and de-bonded
during the transfer process. In both traditional and variations
of the direct printing and transfer printing technologies, the
transfer wafer is de-bonded from a device after bonding the
device to the receiving wafer. In addition, the entire transfer
wafer with the array of devices is involved in the transfer
process.

SUMMARY OF THE INVENTION

A compliant bipolar micro device transter head and head
array, and a method of transferring one or more micro devices
to areceiving substrate are disclosed. For example, the receiv-
ing substrate may be, but is not limited to, a display substrate,
a lighting substrate, a substrate with functional devices such
as transistors or integrated circuits (ICs), or a substrate with
metal redistribution lines.

In an embodiment, a compliant bipolar micro device trans-
ferhead array includes a base substrate and a patterned silicon
layer over the base substrate. For example, the base substrate
may be a (100) bulk silicon substrate. The patterned silicon
layer includes a first silicon interconnect, a first array of
silicon electrodes electrically connected with the silicon
interconnect, a second silicon interconnect, and a second
array of silicon electrodes electrically connected with the
second silicon interconnect. Each silicon electrode in the first
and second arrays of silicon electrodes includes an electrode
lead and a mesa structure that protrudes above the first and
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2

second silicon interconnects. The first and second arrays of
silicon electrodes are aligned as an array of bipolar silicon
electrode pairs and electrically insulated from one another.
The first and second silicon interconnects may be parallel to
each other. Each silicon electrode is also deflectable into a
cavity between the base substrate and the silicon electrode.
For example, one or more cavities may be formed in the base
substrate. In an embodiment, the first and second arrays of
silicon electrodes are deflectable into the same cavity in the
base substrate. In such an embodiment, the array of bipolar
silicon electrode pairs is deflectable into the same cavity in
the base substrate. The cavity may also wrap around an end of
one, or both, of the first and second silicon electrodes. In an
embodiment, each bipolar silicon electrode pair in the array
of'bipolar electrode pairs is deflectable into a separate cavity.
A dielectric layer such as a silicon oxide, hafhium oxide,
aluminum oxide, or tantalum oxide, covers a top surface of
each mesa structure. A buried oxide layer may be formed
between the patterned silicon layer and the base substrate.

In an embodiment, an array of bipolar silicon electrode
pairs form an array of supported beams spanning between the
silicon interconnect and the second silicon interconnect. For
example, an array of oxide joints may be formed between the
first and second arrays of silicon electrodes. The patterned
silicon layer may be on and in direct contact with a buried
oxide layer, with the oxide joints on and in direct contact with
the buried oxide layer. The oxide joints may be parallel or
perpendicular to the first and second arrays of silicon inter-
connects, and between the mesa structures of the first and
second arrays of silicon electrodes. The supported beams may
also include bends, for example, in the silicon electrode leads
of'the silicon electrodes. The array of oxide joints may sepa-
rate the first and second arrays of silicon electrodes along a
longitudinal length or a transverse width of the array of sup-
ported beams.

In an embodiment, an array of bipolar silicon electrode
pairs form an array of cantilever beams spanning between the
silicon interconnect and the second silicon interconnect. Inan
embodiment, each silicon electrode in the bipolar silicon
electrode pairs is a separate cantilever beam, and an open
space is between the mesa structures of the first and second
arrays of silicon electrodes. The cantilever beams may
include bends. In an embodiment, the mesa structures of the
first and second arrays of silicon electrodes are not separated
by an open space. For example, an array of oxide joints may
be formed between first and second arrays of silicon elec-
trodes for the array of cantilever beams. The patterned silicon
layer may be on and in direct contact with a buried oxide
layer, with the oxide joints on and in direct contact with the
buried oxide layer. In an embodiment, the oxide joints sepa-
rate the first and second arrays of silicon electrodes along a
longitudinal length of the array of cantilever beams. In an
embodiment, the oxide joints are parallel to the first and
second silicon interconnects, and are between the mesa struc-
tures of the first and second arrays of silicon electrodes.

In an embodiment, a buried silicon oxide layer is between
the patterned silicon layer and the base substrate. A first via
extends through the base substrate and the buried silicon
oxide layer from a backside of the base substrate to the pat-
terned silicon layer and, and in electrical connection with the
first silicon interconnect and the first array of silicon elec-
trodes. A second via extends through the base substrate and
the buried silicon oxide layer from a backside of the base
substrate to the patterned silicon layer and, and in electrical
connection with the second silicon interconnect and the sec-
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ond array of silicon electrodes. The vias may extend through
the patterned silicon layer or terminate at a bottom surface of
the patterned silicon layer.

The dielectric layer covering a top surface of each mesa
structure in the array and the second array may be formed of
a material such as silicon oxide, hafnium oxide, aluminum
oxide, and tantalum oxide. In some embodiments, a first
dielectric layer is laterally between the mesa structures of the
array of silicon electrodes and the second array of silicon
electrodes in a bipolar electrode configuration, and under-
neath the dielectric layer covering the top surface of each
mesa structure in the array and the second array. The dielec-
tric layer may have a higher dielectric constant or dielectric
breakdown strength than the first dielectric layer.

In an embodiment, an method of forming a compliant
bipolar micro device transfer head array includes etching a
top silicon layer of a silicon-on-insulator stack to form an a
first array of silicon electrodes electrically connected with a
first silicon interconnect, and a second array of silicon elec-
trodes aligned with the first array of silicon electrodes and
electrically connected with a second silicon interconnect to
form an array of bipolar silicon electrode pairs, with each
silicon electrode in the first and second arrays of silicon
electrodes including an electrode lead and a mesa structure
that protrudes above the first and second silicon intercon-
nects. A dielectric layer is then formed over the first and
second arrays of silicon electrodes, and one or more cavities
are etched into the base substrate directly underneath the first
and second arrays of silicon electrodes such that each silicon
electrode in the first and second arrays of silicon electrodes is
deflectable into the one or more cavities. Etching of the one or
more cavities may be accomplished, for example, with a
fluorinated plasma of SF; or XeF,. In an embodiment, a
separate cavity is etched in the base substrate directly under-
neath each bipolar silicon electrode pair. In an embodiment, a
single cavity is etched in the base substrate directly under-
neath the array of bipolar silicon electrode pairs. In an
embodiment, the single cavity is etching in the base substrate
so that it wraps around one, or both, of the first and second
silicon interconnects.

Etching of the top silicon layer may expose a buried oxide
layer. Formation of the dielectric layer may be accomplished
with a variety of techniques. In some embodiments, the
dielectric layer includes thermal oxidation of the array of
silicon electrodes. In some embodiments, a patterned layer is
formed over the buried oxide layer and the dielectric layer
after forming the dielectric layer, and using the patterned
layer the buried oxide layer is etched to expose a portion of the
base substrate. The dielectric layer can be used as an etching
mask when etching one or more cavities in the base substrate
directly underneath the first and second arrays of silicon
electrodes.

In an embodiment, an array of joint trenches are etched
between the mesa structures of the first and second arrays of
silicon electrodes simultaneously with etching the top silicon
layer of the silicon-on-insulator stack to form the first and
second arrays of silicon electrodes. The dielectric layer may
also be formed within the array of joint trenches and in direct
contact with the buried oxide layer simultaneously with form-
ing the dielectric layer over the first and second arrays of
silicon electrodes. For example, the dielectric layer may be
formed by thermal oxidation of the first and second arrays of
silicon electrodes. The dielectric layer may also completely
fill the array of joint trenches with the dielectric layer to form
an array of oxide joints between the first and second arrays of
silicon electrodes.
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A first backside via opening may be etched through the
base substrate directly underneath the first silicon intercon-
nect, and second backside via opening may be etched through
the base substrate directly underneath the second silicon
interconnect, and a passivation layer may be formed within
the first and second backside via openings. In an embodiment,
the passivation layer is formed by thermally oxidizing the
base substrate within the first and second backside via open-
ings simultaneously with thermally oxidizing array of first
and second arrays of silicon electrodes to form the dielectric
layer. A patterned conductive layer may be formed within the
first and second via openings to make electrical contact with
the first and second silicon interconnects, for example, by
deposition through a shadow mask.

In an embodiment, the dielectric layer is etched to expose
a portion of the first and second silicon interconnects simul-
taneously with etching through the buried oxide layer to
expose the portion of the base substrate. A first topside via
opening is then etched through the first exposed portion of the
first silicon interconnect and the buried oxide layer, and a
second topside via opening is etched through the second
exposed portion of the second silicon interconnect and the
buried oxide layer. A patterned conductive layer can then be
formed within the first and second topside via openings to
make electrical contact with the first and second silicon inter-
connects.

In an embodiment, the dielectric layer is etched to expose
each of the mesa structures simultaneously with etching
through the buried oxide layer to expose the portion of the
base substrate. A second dielectric layer can then be formed
over each of the mesa structures. In an embodiment, this may
be accomplished by blanket deposition of the second dielec-
tric layer followed by removal of a portion of the second
dielectric layer. In some embodiments, blanket deposition
may be accomplished by atomic layer deposition. In an
embodiment, the dielectric layer may be additionally etched
to expose a portion of the first and second silicon intercon-
nects, followed by etching a first topside via opening through
the exposed portion of the first silicon interconnect and the
buried oxide layer, etching a second topside via opening
through the exposed portion of the second silicon intercon-
nect and the buried oxide layer, and forming a patterned
conductive layer within the first and second topside via open-
ings to make electrical contact with the silicon interconnect
and second silicon interconnect. The second dielectric layer
formed over each of the mesa structures and the conductive
layer formed within the first and second topside via openings
may also be used as an etching mask when etching the one or
more cavities.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a plan view illustration of a compliant bipolar
micro device transfer head array of single sided clamped
cantilever beam pairs with no joint in accordance with an
embodiment of the invention.

FIG. 1B is a plan view illustration of a compliant bipolar
micro device transfer head with a pair of single sided clamped
cantilever beams and no joint in accordance with an embodi-
ment of the invention.

FIG. 1C is a cross-sectional side view illustration taken
along transverse line C-C of the compliant bipolar micro
device transfer head illustrated in FIG. 1B in accordance with
an embodiment of the invention.

FIG. 1D is a cross-sectional side view illustration taken
along longitudinal line D-D of the compliant bipolar micro
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device transfer head illustrated in FIG. 1B in accordance with
an embodiment of the invention.

FIGS. 2A-2B are combination plan view and combination
cross-section side view illustrations taken along lines V-V,
W-W, X-X, Y-Y, and Z-Z from FIG. 1A illustrating a compli-
ant bipolar micro device transfer head including an open joint
trench between the pair of silicon electrodes, and backside via
openings in accordance with an embodiment of the invention.

FIGS. 3A-3B are combination plan view and combination
cross-sectional side view illustrations of a compliant bipolar
micro device transfer head including a double sided clamped
supported beam and an oxide joint between and connecting
the pair of silicon electrodes, and topside and backside via
openings in accordance with an embodiment of the invention.

FIGS. 4A-4B are combination plan view and combination
cross-sectional side view illustrations of a compliant bipolar
micro device transfer head including a double sided clamped
supported beam and deposited dielectric layer, an oxide joint
119 between and connecting the pair of silicon electrodes
110, and topside and backside via openings in accordance
with an embodiment of the invention.

FIGS. 5A-15B illustrate a method of forming a compliant
bipolar micro device transfer head including an open joint
trench between the pair of silicon electrodes, and backside via
openings in accordance with an embodiment of the invention.

FIG. 16A is a plan view illustration of a compliant bipolar
micro device transfer head array of double sided clamped
supported beams and mesa joints in accordance with an
embodiment of the invention.

FIG. 16B is a plan view illustration of a compliant bipolar
micro device transfer head with a double sided clamped sup-
ported beam and mesa joint in accordance with an embodi-
ment of the invention.

FIG. 16C is a cross-sectional side view illustration taken
along transverse line C-C of the compliant bipolar micro
device transfer head illustrated in FIG. 16B in accordance
with an embodiment of the invention.

FIG. 16D is a cross-sectional side view illustration taken
along longitudinal line D-D of the compliant bipolar micro
device transfer head illustrated in FIG. 16B in accordance
with an embodiment of the invention.

FIGS. 17A-24B illustrate a method of forming a compliant
bipolar micro device transfer head including a double sided
clamped supported beam and an oxide joint between and
connecting the pair of silicon electrodes, and topside and
backside via openings in accordance with an embodiment of
the invention.

FIGS. 25A-308B illustrate a method of forming a compliant
bipolar micro device transfer head including a double sided
clamped supported beam and a deposited dielectric layer, an
oxide joint between and connecting the pair of silicon elec-
trodes, and topside and backside via openings in accordance
with an embodiment of the invention.

FIG. 31 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with cantilever beam and continu-
ous joint in accordance with an embodiment of the invention.

FIG. 32 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with cantilever beam and mesa
joint in accordance with an embodiment of the invention.

FIG. 33 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with double sided clamped beam
and continuous joint in accordance with an embodiment of
the invention.
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FIG. 34 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with a double sided clamped beam
including a pair of'silicon electrodes with double bends and a
mesa joint in accordance with an embodiment of the inven-
tion.

FIG. 35 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with a double sided clamped beam
including a pair of silicon electrodes with single bends and a
mesa joint in accordance with an embodiment of the inven-
tion.

FIG. 36 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with a double sided clamped beam
including a pair of'silicon electrodes with double bends and a
mesa joint in accordance with an embodiment of the inven-
tion.

FIG. 37 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with a double sided clamped beam
including a pair of'silicon electrodes with double bends and a
mesa joint in accordance with an embodiment of the inven-
tion.

FIG. 38 is a flow chart illustrating a method of picking up
and transferring an array of micro devices from a carrier
substrate to a receiving substrate in accordance with an
embodiment of the invention.

FIG. 39 is a cross-sectional side view illustration of an
array of compliant bipolar micro device transfer heads posi-
tioned over an array of micro devices on a carrier substrate in
accordance with an embodiment of the invention.

FIG. 40 is a cross-sectional side view illustration of an
array of compliant bipolar micro device transfer heads in
contact with an array of micro devices in accordance with an
embodiment of the invention.

FIG. 41 is a cross-sectional side view illustration of an
array of compliant bipolar micro device transfer heads pick-
ing up an array of micro devices in accordance with an
embodiment of the invention.

FIG. 42 is a cross-sectional side view illustration of an
array of micro devices released onto a receiving substrate in
accordance with an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention describe a compli-
ant bipolar micro device transfer head and head array, and
method of transferring a micro device and an array of micro
devices to a receiving substrate. For example, the compliant
bipolar micro device transfer head and head array may be
used to transfer micro devices such as, but not limited to,
diodes, LEDs, transistors, ICs, and MEMS from a carrier
substrate to a receiving substrate such as, but is not limited to,
adisplay substrate, a lighting substrate, a substrate with func-
tional devices such as transistors or integrated circuits (ICs),
or a substrate with metal redistribution lines.

In various embodiments, description is made with refer-
ence to figures. However, certain embodiments may be prac-
ticed without one or more of these specific details, or in
combination with other known methods and configurations.
In the following description, numerous specific details are set
forth, such as specific configurations, dimensions and pro-
cesses, etc., in order to provide a thorough understanding of
the present invention. In other instances, well-known semi-
conductor processes and manufacturing techniques have not
been described in particular detail in order to not unnecessar-
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ily obscure the present invention. Reference throughout this
specification to “one embodiment,” “an embodiment™ or the
like means that a particular feature, structure, configuration,
or characteristic described in connection with the embodi-
ment is included in at least one embodiment of the invention.
Thus, the appearances of the phrase “in one embodiment,”
“an embodiment” or the like in various places throughout this
specification are not necessarily referring to the same
embodiment of the invention. Furthermore, the particular
features, structures, configurations, or characteristics may be
combined in any suitable manner in one or more embodi-
ments.

The terms “over”, “to”, “between” and “on” as used herein
may refer to a relative position of one layer with respect to
other layers. One layer “over” or “on” another layer or bonded
“to” another layer may be directly in contact with the other
layer or may have one or more intervening layers. One layer
“between” layers may be directly in contact with the layers or
may have one or more intervening layers.

The terms “micro” device or “micro” LED structure as
used herein may refer to the descriptive size of certain devices
or structures in accordance with embodiments of the inven-
tion. As used herein, the terms “micro” devices or structures
are meant to refer to the scale of 1 to 100 um. However, it is to
be appreciated that embodiments of the present invention are
not necessarily so limited, and that certain aspects of the
embodiments may be applicable to larger, and possibly
smaller size scales.

In one aspect, without being limited to a particular theory,
embodiments of the invention describe micro device transfer
heads and head arrays which operate in accordance with
principles of electrostatic grippers, using the attraction of
opposite charges to pick up micro devices. In accordance with
embodiments of the present invention, a pull-in voltage is
applied to a micro device transfer head in order to generate a
grip pressure on a micro device and pick up the micro device.
For example, the transfer head may include a bipolar elec-
trode configuration.

In one aspect, embodiments of the invention describe a
compliant bipolar micro device transfer head and a method of
transfer in which an array of the compliant bipolar micro
device transfer heads enable improved contact with an array
of micro devices as compared to an array of non-compliant
transfer heads. The compliant bipolar micro device transfer
heads include an array of bipolar silicon electrode pairs that
are deflectable into one or more cavities between a base
substrate and the bipolar silicon electrode pairs. In applica-
tion, as an array of compliant bipolar micro device transfer
heads are lowered onto an array of micro devices, the deflect-
able silicon electrodes associated with taller or contaminated
micro devices may deflect more than silicon electrodes asso-
ciated with shorter micro devices on a carrier substrate. In this
manner, the compliant bipolar micro device transfer heads
can compensate for variations in height of the micro devices.
Compensating for height variations can result in reduced
compressive forces applied to certain micro devices, leading
to protection of the physical integrity of the micro devices and
transfer head array. Compensating for height variations can
also assist each compliant transfer head to make contact with
each micro device, and ensure that each intended micro
device is picked up. Without the compliant nature of the micro
device transfer heads an irregular micro device height or a
particle on a top surface of a single micro device could pre-
vent the remainder of the transfer heads from making contact
with the remainder of the micro devices in the array. As a
result, an air gap could be formed between those transfer
heads and micro devices. With such an air gap, it is possible
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that the target applied voltage would not create a sufficient
grip pressure to overcome the air gap, resulting in an incom-
plete pick-up process.

In another aspect, embodiments of the invention describe a
manner of forming an array of compliant bipolar micro device
transfer heads from a commercially available silicon-on-in-
sulator (SOI) substrate including a base substrate, buried
oxide layer, and a top silicon layer. In such an embodiment, a
silicon interconnect and an array of electrodes are formed
from the top silicon layer of the SOI substrate. In an embodi-
ment, a bipolar electrostatic transfer head includes a pair of
silicon electrodes, where each silicon electrode includes a
mesa structure and an electrode lead. The mesa structures for
the pair of silicon electrodes protrude above their respective
silicon interconnects to provide a localized contact point to
pick up a specific micro device during a pick up operation. In
this manner, it is not necessary to form patterned metal elec-
trodes. It has been observed that when patterning of metal
electrodes and electrode leads using a negative photoresist,
for example, it can be difficult to control exposure of the
photoresist at different depths (e.g. along both a top surface
and down sidewalls of a mesa structure). Peeling of the pat-
terned metal layers has also been observed during photoresist
removal, potentially affecting operability of the transfer
heads. In accordance with embodiments of the present inven-
tion, it is not required to form a patterned metal electrode over
a mesa structure. Instead, the protruding profile of the mesa
structure is formed by patterning the silicon electrode to
include a raised portion corresponding to the mesa structure
which protrudes away from the base substrate and above the
silicon interconnect.

Silicon electrodes prepared in accordance with embodi-
ments of the invention may include integrally formed mesa
structures which are substantially taller compared to non-
integrally formed mesa structures with patterned metal elec-
trodes. Photolithography can limit patterned metal electrode
structures to heights of 5-10 um, whereas silicon electrode
mesa structures can be up to 20-30 um or taller. The mesa
structure height for a silicon electrode structure is limited by
the etch aspect ratio and the electrode gap (e.g. the trench
between mesa structures for a pair of bipolar silicon elec-
trodes). In an embodiment, aspect ratios of mesa structure
height to trench width for silicon electrode mesa structures
can range from 10-20:1. For example, silicon electrode mesa
structures in a bipolar electrode configuration can be 20 um
tall separated by a 2 um trench gap between the mesa struc-
tures. Taller electrode structures may also afford larger clear-
ance for contaminant particles and reduce the effects of stray
filed on un-targeted micro devices. When compared to met-
alized mesa structures, silicon electrodes with integrally
formed mesa structures can be more robust to surface con-
tamination and errors in planar alignment of the micro device
transfer head in relation to the micro device carrier substrate.

In another aspect, embodiments of the invention describe a
manner of forming an array of micro device transfer heads
from a commercially available silicon-on-insulator (SOI)
substrate which allows for a processing sequence with mini-
mal processing steps. The processing sequence does not
require metal deposition and patterning steps to form metal
electrodes, which relieves thermal processing constraints and
allows for the formation of dielectric and passivation layers
by high temperature thermal oxidation resulting in reduced
deposition and patterning operations. Processing sequences
in accordance with embodiments of the invention may incor-
porate simultaneous etching or oxidation operations of dif-
ferent features, reducing the number of masks required during
processing.
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In another aspect, embodiments of the invention describe a
transfer head and transfer head array including vias extending
through the base substrate from a backside of the base sub-
strate to the patterned silicon layer for connecting the elec-
trodes with working circuitry of a transfer head assembly. The
processing sequence in accordance with embodiments of the
invention also enables passivation of the vias extending
through the base substrate with high temperature thermal
oxide growth.

In yet another aspect, embodiments of the invention
describe a manner for mass transfer of an array of pre-fabri-
cated micro devices with an array of compliant transfer heads.
For example, the pre-fabricated micro devices may have a
specific functionality such as, but not limited to, a LED for
light-emission, silicon IC for logic and memory, and gallium
arsenide (GaAs) circuits for radio frequency (RF) communi-
cations. In some embodiments, arrays of micro LED devices
which are poised for pick up are described as having a 10 pm
by 10 um pitch, or 5 pm by 5 um pitch. At these densities a 6
inch substrate, for example, can accommodate approximately
165 million micro LED devices with a 10 pum by 10 um pitch,
or approximately 660 million micro LED devices witha 5 pm
by 5 pm pitch. A transfer tool including an array of compliant
transfer heads matching an integer multiple of the pitch of the
corresponding array of micro LED devices can be used to
pick up and transfer the array of micro LED devices to a
receiving substrate. In this manner, it is possible to integrate
and assemble micro LED devices into heterogeneously inte-
grated systems, including substrates of any size ranging from
micro displays to large area displays, and at high transfer
rates. For example, a 1 cm by 1 cm array of micro device
transfer heads can pick up and transfer more than 100,000
micro devices, with larger arrays of micro device transfer
heads being capable of transferring more micro devices.

Referring now to FIG. 1A, a plan view illustration is pro-
vided for a portion of a bipolar micro device transfer head
array of single sided clamped cantilever beam pairs with no
joints, and includes views at different depths. In the particular
embodiment illustrated, the shaded area illustrates an
arrangement of silicon electrodes and silicon interconnects as
viewed from the top surface of the compliant bipolar micro
device transfer head array. The darker shading illustrates a
backside via connection as viewed from the backside surface
of the compliant bipolar micro device transfer head array. In
this manner, the plan view illustration provides detail regard-
ing structures which have been formed from both sides of the
SOI wafer.

As illustrated, the compliant bipolar micro device transfer
head array 100 includes an array of compliant bipolar transfer
heads 102 connected to an arrangement of silicon trace inter-
connects 104, and bus interconnects 106. As illustrated, bus
interconnects 106 may be formed around a periphery or out-
side a working area of the compliant bipolar transfer head
array including the array of compliant transfer heads 102. In
an embodiment, each compliant bipolar transfer head 102
includes a pair of silicon electrodes 110, with each silicon
electrode 110 including a mesa structure 112 and an electrode
lead 114 connected to a silicon interconnect 104. As illus-
trated, each compliant transfer head 102 is in the form of a
pair of single sided clamped cantilever beams clamped at
opposite sides to silicon trace interconnects 104. The pair of
silicon electrodes 110 for each compliant bipolar transfer
head 102 of the embodiment illustrated in FIG. 1A are not
joined, as illustrated by an open joint trench 117 between the
pair of mesa structures 112. In the embodiment illustrated, the
array of mesa structure 112 pairs in the compliant bipolar
micro device transfer head array 100 are arranged with
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approximately the same pitch as the micro devices to be
picked up, for example, 10 um by 10 pm, or 5 um by 5 um.

In an embodiment, a plurality of vias 120 are formed
through the backside of the base substrate to the patterned
silicon layer to make contact with interconnects 106 in order
to electrically connect the silicon electrodes 110 with work-
ing circuitry of a transfer head assembly. In the embodiment
illustrated in FIG. 1A, the interconnect 106 on the left side of
the illustration may be connected to a first voltage source V ,
and the interconnect 106 on the right side of the illustration
may be connected to a second voltage source Vz. Where each
transfer head 102 is operable as a bipolar transfer head, volt-
age sources V, and V; may simultaneously apply opposite
voltages so that each of the silicon electrodes 110 in a respec-
tive transfer head 102 has an opposite voltage.

FIG. 1B is a plan view illustration of a compliant bipolar
micro device transfer head with a pair of single sided clamped
cantilever beams and no joint in accordance with an embodi-
ment of the invention. As illustrated, the opposing silicon
electrodes 110 are clamped at opposite sides to silicon trace
interconnects 104. For clarity purposes, only a single bipolar
transfer head 102 is illustrated in FIG. 1B as spanning
between two silicon trance interconnects 104, though an array
of bipolar transfer heads may span between the silicon inter-
connects 104 in accordance with embodiments of the inven-
tion. The pair of silicon electrodes 110 for each compliant
bipolar transfer head 102 are not joined, as illustrated by the
open joint trench 117 between the pair of mesa structures 112.
In the embodiment illustrated, the joint trench 117 is parallel
to the silicon interconnects 104. FIG. 1C is a cross-sectional
side view illustration taken along transverse line C-C of the
compliant bipolar micro device transfer head illustrated in
FIG. 1B in accordance with an embodiment of the invention.
In the embodiment illustrated in FIG. 1C, each silicon elec-
trode 110 in a bipolar electrode configuration extends from a
separate silicon interconnect 104. FIG. 1D is a cross-sectional
side view illustration taken along longitudinal line D-D of the
compliant bipolar micro device transfer head illustrated in
FIG. 1B in accordance with an embodiment of the invention.
As illustrated in FIGS. 1C-1D, both the silicon electrode
mesa structures 112 and leads 114 extend over and are
deflectable into a cavity 136 between the base substrate 130
and the silicon electrode 110. In an embodiment, a single
cavity 136 is formed underneath an array of bipolar silicon
electrodes 110 and between two separate silicon intercon-
nects 104. Referring again to FIG. 1A, a single or multiple
separate cavities 136 can be formed between arrays of silicon
interconnects 104. In an embodiment, cavities 136 are the
same cavity. For example, cavity 136 may wrap around sili-
con interconnect 104 and underneath the array of silicon
electrodes 110. Trenches 116 may also be formed in the
patterned silicon layer defining the silicon electrodes 110 and
silicon interconnects 104, 106 as described in more detail in
the following description. A trench 116 may also be formed in
the patterned silicon layer at an end of a silicon interconnect
104 if a cavity 136 does not wrap around the end of the silicon
interconnect 104.

Referring now to FIGS. 2A-2B, FIGS. 3A-3B and FIGS.
4 A-4B various different compliant bipolar transfer head array
configurations in accordance with embodiments of the inven-
tion are illustrated side-by-side. It is to be understood that
while the following variations are separately illustrated and
described, the variations are not necessarily incompatible
with one another, and that the variations may be combined in
any suitable manner in one or more embodiment.

FIGS. 2A-2B are a combination plan view illustration and
combination cross-sectional side view illustration taken



US 9,224,629 B2

11
along lines V-V, W-W, X-X| Y-Y, and Z-Z from FIG. 1A in
accordance with an embodiment of the invention. FIGS.
3A-3B and FIGS. 4A-4B are combination plan view illustra-
tions and combination cross-sectional side view illustrations
prepared similarly as those in FIGS. 2A-2B. The combination
views are not representations of the precise relative locations
for all of the different features illustrated, rather the combi-
nation views combine specific features at different locations
previously identified in FIG. 1A in order to more easily rep-
resent the particular variations in processing sequences. For
example, while the combination cross-sectional side view
illustrations show one via 120 corresponding to one silicon
electrode 110, it is clear from FIG. 1A that one via 120 may be
electrically connected with a plurality of silicon electrodes
110 along one or more interconnects 104. As illustrated, lines
W-W andY-Y are along vias 120. As illustrated, lines V-V and
Z-7. are along one or more trenches 116 defining the silicon
electrodes 110 and silicon interconnects 104, 106. As illus-
trated, line X-X is across a bipolar transfer head including a
pair of silicon electrodes 110. Referring againto FIG. 1A, one
or more cavities 136 may be formed around and beneath all
silicon electrodes 110, and between interconnects 104, 106.

Referring again to FIGS. 2A-2B, a silicon electrode 110
includes a mesa structure 112 and an electrode lead 114,
where the mesa structure 112 is an elevated portion of the
silicon electrode 110. A dielectric layer 118 may cover a top
surface of the pair of silicon electrodes 110. Dielectric layer
118 may also cover a side surface of the mesa structures 112
laterally between the pair of mesa structure 112 for the pair of
silicon electrodes 110 in a bipolar transfer head 102. In the
embodiment illustrated, each cantilever beam compliant
transfer head 102 is separated by an open space in joint trench
117, and each silicon electrode 110 is separately deflectable
into cavity 136. A via opening 120A may extend through the
base substrate 130 from a backside of the base substrate to the
patterned silicon layer 140 where interconnect 106 is located.
In the particular embodiment illustrated in FIGS. 2A-2B, the
via opening 120A extends through a buried oxide layer 124
and terminates at a bottom surface of the patterned silicon
layer 140 where interconnect 106 is located. A passivation
layer 132 is formed on the backside of the base substrate 130,
and a passivation layer 133 is formed on side surfaces within
the via opening 120A. Where base substrate is formed of
silicon, the passivation layers 132, 133 insulate electrical
shorting between the vias 120. The buried oxide layer 124
also insulates electrical shorting between the silicon elec-
trodes 110, and interconnects 104, 106.

The vias 120 illustrated in FIG. 2A-2B extend through the
base substrate 130 from a backside of the base substrate to a
patterned silicon layer 140. In an embodiment, vias 120 con-
tact one or more bus interconnects 106 in the patterned silicon
layer 140. In other embodiments, vias 120 may contact other
features or interconnects in the patterned silicon layer 140.
Via 120 along line W-W may be electrically connected to a
first interconnect 106 which is connected to a first voltage
source V, and via 120 along line Y-Y may be electrically
connected to a second interconnect 106 which is connected to
a second voltage source V. In the particular embodiment
illustrated, via openings 120A extend through a buried oxide
layer 124 and terminate at a bottom surface of an interconnect
106. A passivation layer 132 is formed on the backside of the
base substrate 130 and on side surfaces within the via open-
ings 120A. A conductive layer 122 is formed on the passiva-
tion layer 133 and is in electrical contact with the bottom
surface of an interconnect 106. In the particular embodiment
illustrated, the conductive layers 122 do not completely fill
the via openings 120A, and the conductive layers 122 are
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physically and electrically separated in order to prevent short-
ing between vias 120 connected to different voltage sources
V4, V. In an embodiment, vias 120 which are electrically
connected to the same voltage source may or may not be
physically and electrically connected. For example, a con-
ductive layer 122 may span across both vias 120 on the left
side of FIG. 1A, and also be electrically and physically sepa-
rated from the via 120 taken along line Y-Y on the right side
of FIG. 1A. In an embodiment, the structure illustrated in
FIGS. 2A-2B is formed using a total of six masks.

FIGS. 3A-3B are combination plan view and combination
cross-sectional side view illustrations of a compliant bipolar
micro device transfer head including a double sided clamped
supported beam and an oxide joint 119 between and connect-
ing the pair of silicon electrodes 110, and topside and back-
side via openings in accordance with an embodiment of the
invention. It is to be appreciated, that while an oxide joint 119
and topside and backside via openings are shown together in
FIGS. 3A-3B, that embodiments of the invention are not so
limited, and do not require an oxide joint 119 together with
top side and backside via openings. As illustrated, in one
embodiment the oxide joint 119 is formed between and con-
nects the mesa structures 112 for the pair of silicon electrodes
110, and the oxide joint 119 is on and in direct contact with the
buried oxide layer 140. Since the oxide joint 119 connects the
silicon electrodes 110, the bipolar electrode assembly illus-
trated in FIGS. 3A-3B is characterized as a supported beam
structure spanning between silicon interconnects. As illus-
trated, in one embodiment topside via opening 120B may be
formed over the backside via opening 120A to form via 120.
As will become more apparent in the following description,
the topside via opening 120B may be formed in order make
electrical contact with the silicon interconnects 106 and to
form an opening through the buried oxide layer 124 without
the lithographic challenges associated with not adversely
affecting the passivation layer 133 along the sidewalls of via
openings 120A. A conductive layer 123 can optionally be
formed over the exposed top surface of the silicon intercon-
nects 106 and within an interior side surface of the silicon
interconnects 106. In this manner, partially forming conduc-
tive layer 123 over the top surface of the silicon interconnect
106 can provide greater surface area for ohmic contact with
the silicon interconnects 106. Due to the closer proximity of
the silicon interconnect 106 to the top surface of the SOI
structure than the backside surface of the SOI structure, in
accordance with some embodiments, it may be more efficient
to form conductive layer 123 within the interior side surface
of interconnect 106 from above the top surface of the SOI
structure as opposed to from the back surface of the SOI
structure. Conductive layer 123 may be formed from the same
or different material from conductive layer 122. Conductive
layers 122, 123 may form a continuous conductive layer
along the via 120 side surfaces. In an embodiment, the struc-
ture illustrated in FIGS. 3A-3B is formed using a total of
seven masks.

FIGS. 4A-4B are combination plan view and combination
cross-sectional side view illustrations of a compliant bipolar
micro device transfer head including a double sided clamped
supported beam and a deposited dielectric layer 126, an oxide
joint 119 between and connecting the pair of silicon elec-
trodes 110, and topside and backside via openings in accor-
dance with an embodiment of the invention. It is to be appre-
ciated, that while a deposited dielectric layer 126, an oxide
joint 119, and topside and backside via openings are shown
together in FIGS. 4A-4B, that embodiments of the invention
are not so limited, and do not require a deposited dielectric
layer 126 together with an oxide joint 119, and top side and
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backside via openings. As illustrated, in one embodiment,
dielectric layer 118 may be partially or completely removed.
In the particular embodiment illustrated in FIGS. 4A-4B, the
dielectric layer 118 is removed from over the mesa structures
112. A second dielectric layer 126 is formed over the top
surface of mesa structures 112 and over the remaining topog-
raphy of the transfer head array, which may include portions
of dielectric layer 118. Dielectric layer 126 may also cover
any of the oxide joint 119, topside via openings 120B and
corresponding conductive layers 123, and may partially or
completely fill the topside via openings 120B within the
silicon interconnects 106. In an embodiment, dielectric layer
126 has a higher dielectric constant and/or dielectric break-
down strength than dielectric layer 118. In an embodiment,
dielectric layer 118 is thermally grown SiO,, and dielectric
layer 126 is atomic layer deposition (ALD) SiO,, Al,Oj,
Ta,Os, or RuO,. It is to be appreciated, that while FIGS.
4A-4B are illustrated as a variation of FIGS. 3A-3B, that the
feature of a dielectric layer 126 can be combined with the
embodiments illustrated in FIGS. 2A-2B. In an embodiment,
the structure illustrated in FIGS. 4A-4B is formed using a
total of eight masks.

FIGS. 5A-15B illustrate a method of forming a compliant
bipolar micro device transfer head including an open joint
trench between a pair of silicon electrodes, and backside via
openings in accordance with an embodiment of the invention.
Initially, the processing sequence may begin with a commer-
cially available SOI substrate as illustrated in FIGS. 5A-5B.
The SOI substrate may include base substrate 130, top silicon
layer 140, a buried oxide layer 124 between the base substrate
and the top silicon layer, and backside passivation layer 132.
In an embodiment, base substrate is a (100) silicon handle
wafer having a thickness of 500 pm+/-50 pum, buried oxide
layer 124 is 1 pm+/-0.1 um thick, and top silicon layer is 7-20
um+/-0.5 pm thick. The top silicon layer may also be doped
to improve conductivity. For example, a phosphorous dopant
concentration of approximately 10'” em™ yields a resistivity
ofless than 0.1 chm-centimeter. In an embodiment, the back-
side passivation layer 132 is a thermal oxide having a thick-
ness up to approximately 2 um thick, which is the approxi-
mate upper limit for thermal oxidation of silicon.

A mask layer 142 may then be formed over the top silicon
layer 140, as illustrated in FIGS. 6 A-6B. Mask layer 142 may
be deposited, or alternatively thermally grown from the top
silicon layer 140. In an embodiment, mask layer 142 is a
thermally growth SiO, layer having a thickness of approxi-
mately 0.1 um. In an embodiment, where mask layer 142 is
thermally growth SiO,, the mask layer 142 has a thickness
which is significantly less than the thickness of buried oxide
(8i0,) layer 124 in order to maintain structural stability for
the partially patterned SOI structure during removal of the
patterned mask layer.

Referring to FIGS. 7A-7B, the mask layer 142 is then
patterned to form an array of islands 144 which will corre-
spond to the mesa structures of the silicon electrodes. In an
embodiment, mask layer is a thermally grown SiO, layer, and
islands 144 are formed by applying a positive photoresist,
exposing, and removing undeveloped areas of the photoresist
with a potassium hydroxide (KOH) developer solution. The
mask layer 142 is then dry etched to form islands 144 using a
suitable technique such as ion milling, plasma etching, reac-
tive ion etching (RIE), or reactive ion beam etching (RIBE),
electron cyclotron resonance (ECR), or inductively coupled
plasma (ICP), stopping on the silicon layer 140. If a high
degree of anisotropic etching is not required, a dry plasma
etching technique with a plasma etchant such as CF,, SF or
NF; may be used. The patterned photoresist is then removed
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by O, ashing followed by piranha etch resulting in the struc-
ture illustrated in FIGS. 7A-7B.

In an embodiment, backside via openings 120A are then
formed in the SOI substrate. Initially, as illustrated in FIGS.
8A-8B, the backside via openings are formed through the
backside passivation layer 132 and base substrate 130, stop-
ping on the buried oxide layer 124. In an embodiment, the
backside via openings 120A illustrated in FIGS. 8A-8B are
formed by applying a patterned positive photoresist on the
backside passivation layer 132, followed by etching of the
exposed passivation layer 132 and dry reactive ion etching
(DRIE) of the base substrate 130, stopping on the buried
oxide layer 124. The base substrate 130 may alternatively be
etched with a wet etchant such as KOH. However, KOH wet
etchant attacks silicon preferentially in the (100) plane, and
may product an anisotropic V-etch with tapered sidewalls.
DRIE etching may be selected for more vertical sidewalls in
the backside via openings 120A. After etching of the base
substrate 130, the patterned positive photoresist can be
removed by O, ashing followed by piranha etch resulting in
the structure illustrated in FIGS. 8A-8B.

Referring to FIGS. 9A-10B, the silicon electrodes 110 and
interconnects 104, 106 are patterned in a two part etching
sequence. First, as illustrated in FIGS. 9A-9B the top silicon
layer 140 is partially etched through, defining the patterns of
the silicon electrodes 110 and interconnects 104, 106. In an
embodiment, this may be accomplished with a thin patterned
positive photoresist, DRIE etching approximately 5 um of a
7-10 um thick top silicon layer 140 in a timed etch. The
patterned positive photoresist can be removed using O, ash-
ing followed by piranha etch. In accordance with embodi-
ments of the invention, openings in the photoresist 121 (illus-
trated in FIG. 9A only) on the edges of FIG. 9A correspond to
the size of the trenches 116 used to define the silicon elec-
trodes 110 and interconnects 104, 106, however, the openings
in the photoresist 121 over the islands 144 corresponding to
the joint trench 117 between silicon electrode mesa structures
112 may be larger than the gap between the islands 144. In
this manner, the islands 144 in the patterned hard mask layer
142 can be used to form silicon electrode mesa structures 112
with higher gap resolution of the joint trench openings 117
between mesa structures when compared to using photoresist
alone. In an embodiment, the joint trench 117 openings are at
least wide enough to grow a dielectric layer 118 on side
surfaces of the adjacent mesa structures 112 and to allow
deflection of each silicon electrode 110 into the cavity 136.
For example, the joint trenches 117 may be 2 um wide or
larger.

Second, as illustrated in FIGS. 10A-10B with islands 144
still present, DRIE etching is continued using islands 144 as
a mask to form the silicon electrodes 110 including the pro-
truding mesa structures 112, and silicon interconnects 104,
106, stopping on the underlying buried oxide layer 124. Upon
completion of etching the silicon layer 140, a dry etching
technique is performed to remove the islands 144, approxi-
mately 0.1 um. In an embodiment, where only 0.1 pm of oxide
is removed, and the buried oxide 124 is approximately 1.0 um
thick, significantly more than 0.1 um of the exposed buried
oxide 124 is not removed. In accordance with embodiments
of the invention, the buried oxide 124 provides structural
stability for the partially patterned SOI structure and signifi-
cantly more than the thickness of the islands 144 is not
removed from the buried oxide 124 is during removal of the
islands 144. As illustrated in FIG. 10B, the buried oxide layer
124 is exposed in joint trenches 117 between the silicon
electrodes, and trenches 116 around the silicon electrodes and
between the interconnects.
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Referring now to FIGS. 11A-11B, the front and back sides
of'the SOI wafer can then be oxidized in order to passivate the
silicon electrodes, silicon interconnects, and backside via
opening. In an embodiment, high temperature wet oxidation
may be performed in order to grow an approximately 1 pm
thick oxide layer 118 on the silicon electrodes 110, within
joint trench 117 between the mesa structures 112, on the
silicon interconnects 104, 106, and within trenches 116. In
locations were the buried oxide layer 124 is already exposed,
the buried oxide layer 124 thickness may increase or remain
the same depending upon the pre-existing thickness. In an
embodiment, oxide layer 118 is approximately the same
thickness as buried oxide layer 124. An approximately 1 pm
thick oxide passivation layer 133 is also simultaneously
grown within the backside via openings 120 A along sidewalls
of the base substrate 130.

Referring now to FIGS. 12A-12B, a thick patterned posi-
tive photoresist is applied over the interconnects 104, 106 and
silicon electrodes 110, followed by etching of the exposed
buried oxide in joint trenches 117 and trench areas 137 which
will correspond to the locations of cavities 136 to be formed.
The patterned positive photoresist can be removed using O,
ashing followed by piranha etch.

A dry oxide etch using a suitable dry etching technique
may then be performed to create openings in the buried oxide
layer 124 within the backside via openings 120A to expose a
bottom surface of the patterned silicon layer 140 where sili-
con interconnects 106 are formed, as illustrated in FIGS.
13A-13B. In an embodiment, a thin positive photoresist is
formed over the backside of the SOI wafer and within the
backside via opening 120A and patterned. The buried oxide
layer 124 is then etched to expose a bottom surface of the
silicon layer 140. In an embodiment, etching of buried oxide
layer 124 is performed with RIE. As illustrated, the openings
in the buried oxide layer 124 are smaller (e.g. smaller diam-
eter or cross-section) than the openings within the base sub-
strate 130 (including the oxide passivation layer 133). In this
manner, having a smaller opening within the buried oxide
layer 124 than in the base substrate (including oxide passiva-
tion layer 133) protects against inadvertently etching through
the oxide passivation layer 133, or undercutting the oxide
passivation layer 133 and electrically shorting the backside
via 120 with the base substrate 130. Due to lithographic
tolerances and resolution capabilities, the openings within the
buried oxide layer 124 may have a minimum cross-section of
greater than 10 um.

Referring now to FIGS. 14A-14B, a patterned conductive
layer 122 is formed on the passivation layer 133 within the via
openings 120A and in electrical contact with the bottom
surface of the silicon interconnects 106. In an embodiment,
the patterned conductive layer 122 is formed by sputtering
through a shadow mask. In an embodiment, the patterned
conductive layer 122 includes a first layer of 500 angstrom
thick titanium (Ti), a middle layer of 500 angstrom thick
titanium-tungsten (TiW), and a 1 um to 2 um thick outer layer
of gold (Au). In an embodiment, the patterned conductive
layer 122 makes ohmic contact with the silicon interconnects
106.

Referring now to FIGS. 15A-15B, one or more cavities 136
may then be etched in the base substrate 130 directly under-
neath the array of silicon electrodes such that the array of
silicon electrodes are deflectable into the one or more cavi-
ties. In an embodiment, a separate cavity 136 is formed
directly underneath each pair of silicon electrodes. In an
embodiment, a single cavity 136 is formed directly under-
neath the array of silicon electrodes in electrical communica-
tion with the first and second interconnects 104. In an
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embodiment, cavities 136 are formed with a timed release
etch into the base substrate 130 which undercuts the electrode
leads 114 and mesa structures 112. For example, etching may
be performed with a fluorine based chemistry such as XeF, or
SF,.

Following the formation of the one or more cavities 136,
the SOI substrate may then be diced, for example using laser
dicing, to form a compliant bipolar transfer head array includ-
ing an array of compliant transfer heads 102 interconnected
with silicon interconnects 104, 106 and vias 120 extending
through the base substrate 130 from a backside of the base
substrate to the patterned silicon layer 140 to electrically
connect the silicon electrodes 110 with working circuitry of a
transfer head assembly.

FIG. 16A is a plan view illustration of a compliant bipolar
micro device transfer head array of double sided clamped
supported beams and mesa joints in accordance with an
embodiment of the invention. The particular embodiment
illustrated in FIG. 16A is similar to the embodiment illus-
trated in FIG. 1A with one difference being that the pair of
silicon electrodes 110 for each compliant bipolar transfer
head 102 are joined with an oxide joint 119 between the pair
of mesa structures 112. As a result of the oxide joint 119, the
pair of silicon electrodes in a bipolar micro device transfer
head are in the form of a doubled sided clamed supported
beam, which is supported at opposite sides with silicon inter-
connects 104. A single cavity 136 may be formed underneath
an array of transfer heads 102 spanning between a pair of
silicon interconnects 104. A plurality of cavities 136 may be
formed between a plurality of pairs of silicon interconnects
104 or a single cavity 136 may be formed between a plurality
of pairs of silicon interconnects 104. Trenches 116 may also
be formed in the patterned silicon layer defining the silicon
electrodes 110 and silicon interconnects 104, 106.

FIG. 16B is a plan view illustration of a compliant bipolar
micro device transfer head with a double sided clamped sup-
ported beam and mesa joint in accordance with an embodi-
ment of the invention. FIG. 16C is a cross-sectional side view
illustration taken along transverse line C-C of the compliant
bipolar micro device transfer head illustrated in FIG. 16B in
accordance with an embodiment of the invention. FIG. 16D is
a cross-sectional side view illustration taken along longitudi-
nal line D-D of the compliant bipolar micro device transfer
head illustrated in FIG. 16B in accordance with an embodi-
ment of the invention. Similar to the embodiments illustrated
in FIGS. 1B-1D, only a single transfer head 102 is illustrated
in FIG. 16B as spanning between and being supported by two
silicon trace interconnects 104, though an array of transfer
heads may span between the silicon interconnects 104 in
accordance with embodiments of the invention. The pair of
silicon electrodes 110 for each compliant bipolar transfer
head 102 are joined with an oxide joint 119 between the pair
of mesa structures 112. In the embodiment illustrated, the
oxide joint 119 is parallel to the silicon interconnects 104. As
illustrated in FIGS. 16C-16D, both the silicon electrode mesa
structures 112 and leads 114 extend over and are deflectable
into a cavity 136 between the base substrate 130 and the
silicon electrode 110. In the embodiment illustrated in FIG.
16D, the oxide joint 119 is on and in direct contact with the
buried oxide layer 124.

FIGS. 17A-24B illustrate a method of forming a compliant
bipolar micro device transfer head including a double sided
clamped supported beam and an oxide joint between and
connecting the pair of silicon electrodes, and topside and
backside via openings in accordance with an embodiment of
the invention. In an embodiment, the processing sequence
leading up to FIGS. 17A-17B may be identical to the process-
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ing sequence of FIGS. 5A-8B with one difference being the
distance between islands 144. As described in further detail in
the following description, the patterning of islands 144 cor-
responds to the mesa structures 112 to be subsequently
formed. Furthermore, the distance between islands 144 cor-
responds to the width of the oxide joint 119 which is formed
between and connects the pair of silicon electrodes 110.
Accordingly, since the oxide joint 119 connects the pair of
silicon electrodes 110 in the double sided clamed supported
beam configuration, the distance between islands 144 in
FIGS. 17A-17B, may be less than the distance between the
islands 144 in FIGS. 8A-8B. For example, the distance
between islands may be sufficiently small to allow for the
joint trench 117 to be completely filled with oxide thermally
grown from mesa structures 112. For example, joint trenches
117 may be 2 pm wide or less.

Referring to FIGS. 17A-18B, the silicon electrodes 110
and interconnects 104, 106 may be patterned in a two part
etching sequence. First, as illustrated in FIGS. 17A-17B the
top silicon layer 140 is partially etched through, defining the
patterns of the silicon electrodes 110 and interconnects 104,
106. In an embodiment, this may be accomplished with a thin
patterned positive photoresist, DRIE etching approximately 5
um ofa 7-10 pm thick top silicon layer 140 in a timed etch. In
accordance with embodiments of the invention, openings in
the photoresist 121 (illustrated in FIG. 17 A only) on the edges
of FIG. 17A correspond to the size of the trenches 116 used to
define the silicon electrodes 110 and interconnects 104, 106,
however, the openings in the photoresist 121 over the islands
144 corresponding to the joint trench 117 between silicon
electrode mesa structures 112 may be larger than the gap
between the islands 144. In this manner, the islands 144 in the
patterned hard mask layer 142 can be used to form silicon
electrode mesa structures 112 with higher gap resolution of
the joint trench openings 117 between mesa structures when
compared to using photoresist alone. In this manner, the
islands 144 in the patterned hard mask layer 142 can be used
to form silicon electrode mesa structures 112 with higher gap
resolution between mesa structures when compared to using
photoresist alone, which may assist in increasing electrode
active area and resultant grip pressure across the array of
compliant transfer heads. For example, as micro device size
decreases a narrower gap between mesa structures may
increase the available electrode space with regard to a micro
device to be picked up. The patterned positive photoresist can
be removed using O, ashing followed by piranha etch.

Second, as illustrated in FIGS. 18 A-18B with islands 144
still present, DRIE etching is continued using islands 144 as
a mask to form the silicon electrodes 110 including the pro-
truding mesa structures 112, and interconnects 104, 106,
stopping on the underlying buried oxide layer 124. Upon
completion of etching the silicon layer 140, a dry etching
technique is performed to remove the islands 144, approxi-
mately 0.1 um. In an embodiment, where only 0.1 pm of oxide
is removed, and the buried oxide 124 is approximately 1.0 um
thick, significantly more than 0.1 um of the exposed buried
oxide 124 is not removed. In accordance with embodiments
of the invention, the buried oxide 124 provides structural
stability for the partially patterned SOI structure and signifi-
cantly more than the thickness of the islands 144 is not
removed from the buried oxide 124 is during removal of the
islands 144.

Referring now to FIGS. 19A-19B, the front and back sides
of'the SOI wafer can then be oxidized in order to passivate the
silicon electrodes, silicon interconnects, and backside via
opening. In an embodiment, high temperature wet oxidation
may be performed in order to grow an approximately 1 pm
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thick oxide layer 118 on the silicon electrodes 110, within
joint trench 117 between the mesa structures 112, on the
silicon interconnects 104, 106, and within trenches 116. As
described above, where oxide layer 118 is grown within and
fills joint trench 117, the oxide layer forms oxide joint 119. In
an embodiment, oxide joint 119 completely fills joint trench
117. In locations were the buried oxide layer 124 is already
exposed, the buried oxide layer 124 thickness may increase or
remain the same during thermal oxidation depending upon
the pre-existing thickness. In an embodiment, oxide layer 118
is approximately the same thickness as buried oxide layer
124. An approximately 1 pm thick oxide passivation layer 133
is also simultaneously grown within the backside via open-
ings 120A along sidewalls of the base substrate 130.

Referring now to FIGS. 20A-20B, openings (which will
become part of via openings 120B) are formed in the top
dielectric layer 118 to expose the patterned silicon layer 140
at regions of silicon interconnects 106 directly above the
backside via openings 120A and attrench areas 137 where the
one or more cavities 136 will be formed. Trench area 137
openings are also simultaneously formed in buried oxide
layer 124 to expose the base substrate 130 where the one or
more cavities 136 will be formed. Openings may be formed in
top dielectric layer 118 and buried oxide layer 124 with a
thick patterned positive photoresist, followed by dry etching
of the top dielectric layer 118. The patterned photoresist is
then removed by O, ashing followed by piranha etch resulting
in the structure in FIGS. 20A-20B. Combining the etching
and patterning steps to form via openings 120B and trench
area 137 openings also may reduce processing operations and
number of masks required.

Referring now to FIGS. 21A-21B, openings are formed in
the silicon layer 140 and buried oxide layer 124 to form a
topside via opening 120B which connects with backside via
opening 120A. Openings may be formed in the silicon layer
140 and buried oxide layer 124 by forming a thick patterned
positive photoresist, followed by DRIE of the silicon layer
140 stopping on the buried oxide layer 124, followed by RIE
through the buried oxide layer 124. The patterned photoresist
is then removed by O, ashing followed by piranha etch result-
ing in the structure in FIGS. 21A-21B. In this manner, form-
ing the openings through the buried oxide layer 124 when
forming the topside via openings 120B may avoid the litho-
graphic challenges associated with forming an opening in the
buried oxide layer 124 from the backside of the SOI structure
without adversely affecting the passivation layer 133 along
the sidewalls of the via openings 120A.

A patterned conductive layer 123 may then be formed over
the exposed top surface of the silicon interconnects 106 and
within an interior side surface of the silicon interconnects
106, as illustrated in FIGS. 22A-22B. In this manner, partially
forming conductive layer 123 over the top surface of the
silicon interconnect 106 can provide greater surface area for
ohmic contact with the silicon interconnects 106. Due to the
closer proximity of the silicon interconnect 106 to the top
surface of the SOI structure than the backside surface of the
SOI structure, in accordance with some embodiments, it may
be more efficient to form a layer of conductive layer 123
within the interior side surface of interconnect 106 from
above the top surface of the SOI structure as opposed to from
the back surface of the SOI structure. In an embodiment, the
patterned conductive layer 123 is formed by sputtering
through a shadow mask. In an embodiment, the patterned
conductive layer 123 includes a first layer of 500 angstrom
thick titanium (Ti), a middle layer of 500 angstrom thick
titanium-tungsten (TiW), and a 1 um to 2 um thick outer layer
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of gold (Au). In an embodiment, the patterned conductive
layer 123 makes ohmic contact with the silicon interconnects
106.

Referring now to FIGS. 23A-23B, a patterned conductive
layer 122 may be formed on the passivation layer 133 within
the via openings 120A and in electrical contact with the
patterned conductive layer 123. Conductive layer 122 may be
formed from the same or different material from conductive
layer 123, and may have the same or different thicknesses. In
an embodiment, conductive layer 123 has a thicker layer of
gold.

Referring now to FIGS. 24A-24B, one or more cavities 136
may then be etched in the base substrate 130 directly under-
neath the array of silicon electrodes such that the array of
silicon electrodes are deflectable into the one or more cavi-
ties. In an embodiment, a separate cavity 136 is formed
directly underneath each pair of silicon electrodes. In an
embodiment, a single cavity 136 is formed directly under-
neath the array of silicon electrodes in electrical communica-
tion with the first and second interconnects 104. In an
embodiment, cavities 136 are formed with a timed release
etch into the base substrate 130 which undercuts the electrode
leads 114 and mesa structures 112. For example, etching may
be performed with a fluorine based chemistry such as XeF, or
SF,. In an embodiment, the one or more cavities 136 are
approximately 15 um deep.

Following the formation of the one or more cavities 136,
the SOI substrate may then be diced, for example using laser
dicing, to form a compliant bipolar transter head array includ-
ing an array of compliant transfer heads 102 interconnected
with silicon interconnects 104, 106 and vias 120 extending
through the base substrate 130 from a backside of the base
substrate to the patterned silicon layer 140, and through the
patterned silicon layer 140, to electrically connect the silicon
electrodes 110 with working circuitry of a transfer head
assembly.

FIGS. 25A-308B illustrate a method of forming a compliant
bipolar micro device transfer head including a double sided
clamped supported beam and a deposited dielectric layer 126,
an oxide joint 119 between and connecting the pair of silicon
electrodes 110, and topside and backside via openings in
accordance with an embodiment of the invention. In an
embodiment, the processing sequence leading up to FIGS.
25A-25B may be identical to the processing sequence of
FIGS.5A-7B and FIGS. 17A-19B as described above. Refer-
ring now to FIGS. 25A-25B, in an embodiment openings are
formed in the top dielectric layer 118 directly above the
backside via openings 120A and directly over the mesa struc-
tures 112.

Referring now to FIGS. 25A-25B, openings are formed in
the top dielectric layer 118 to expose the mesa structures 112
and oxide joint 119 (and optionally portions of electrode
leads 114), and openings (which will become part of via
openings 120B) are formed in the top dielectric layer 118
directly above the backside via openings 120A. Trench area
137 openings are also simultaneously formed in buried oxide
layer 124 to expose the base substrate 130 where the one or
more cavities 136 will be formed. In the particular embodi-
ment illustrated, the oxide joint 119 is not completely
removed from between the adjacent mesa structures 112 in a
bipolar electrode transfer head 102. Openings may be formed
in top dielectric layer 118 and buried oxide layer 124 with a
thick patterned positive photoresist, followed by dry etching
of'the top dielectric layer 118. In an embodiment a timed dry
oxide etch is performed to ensure oxide joint 119 is not
completely removed. In an embodiment, top dielectric layer
118 and buried oxide layer 124 have approximately the same
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thickness, and may be completely removed in a timed dry
oxide etch while removing less than 0.2 pm of the oxide joint
119 thickness. The patterned photoresist is then removed by
O, ashing followed by piranha etch resulting in the structure
in FIGS. 25A-25B. Combining the etching and patterning
steps to form via openings 120A and trench area 137 openings
also may reduce processing operations and number of masks
required.

Referring now to FIGS. 26A-26B, in an embodiment, a
second dielectric layer 126 is formed over the top surface
including the patterned dielectric layer 118, patterned silicon
layer 140 and oxide joint 119, followed by patterning with a
thick positive resist and etched. Upon completion of etching,
the patterned second dielectric layer 126 covers the mesa
structures 112 and may also cover a portion of the electrode
leads 114 and patterned dielectric layer 118. The patterned
second dielectric layer 126 is removed from over the pat-
terned silicon layer 140 directly above the backside via open-
ings 120A, and at trench areas 137 where the one or more
cavities 136 will be formed. In an embodiment, the second
dielectric layer may have a higher dielectric constant or
dielectric breakdown strength than dielectric layer 118, and
has a thickness between 0.5 pm-10 pm. For example, the
second dielectric layer 126 a layer of Al,O;, Ta, O, or HfO,
deposited by atomic layer deposition (ALD).

Referring now to FIGS. 27A-27B, openings are formed in
the silicon layer 140 and buried oxide layer 124 to form
topside via openings 120B which connect with backside via
openings 120A. Openings may be formed in the silicon layer
140 and buried oxide layer 124 by forming a thick patterned
positive photoresist, followed by DRIE of the silicon layer
140 stopping on the buried oxide layer 124, followed by RIE
through the buried oxide layer 124. The patterned photoresist
is then removed by O, ashing followed by piranha etch result-
ing in the structure in FIGS. 27A-27B. In this manner, form-
ing the openings through the buried oxide layer 124 when
forming the topside via openings 120B may avoid the litho-
graphic challenges associated with forming an opening in the
buried oxide layer 124 from the backside of the SOI structure
without adversely affecting the passivation layer 133 along
the sidewalls of the via openings 120A.

A patterned conductive layer 123 is then formed over the
exposed top surface of the silicon interconnects 106 and
within an interior side surface of the silicon interconnects
106, as illustrated in FIGS. 28 A-28B. In this manner, partially
forming conductive layer 123 over the top surface of the
silicon interconnect 106 can provide greater surface area for
ohmic contact with the silicon interconnects 106. Due to the
closer proximity of the silicon interconnect 106 to the top
surface of the SOI structure than the backside surface of the
SOI structure, in accordance with some embodiments, it may
be more efficient to form a layer of conductive layer 123
within the interior side surface of interconnect 106 from
above the top surface of the SOI structure as opposed to from
the back surface of the SOI structure. In an embodiment, the
patterned conductive layer 123 is formed by sputtering
through a shadow mask. In an embodiment, the patterned
conductive layer 123 includes a first layer of 500 angstrom
thick titanium (Ti), a middle layer of 500 angstrom thick
titanium-tungsten (TiW), and a 1 um to 2 um thick outer layer
of gold (Au). In an embodiment, the patterned conductive
layer 123 makes ohmic contact with the silicon interconnects
106.

A patterned conductive layer 122 may be formed on the
passivation layer 133 within the via openings 120A and in
electrical contact with the patterned conductive layer 123 as
illustrated in FIGS. 29A-29B. Conductive layer 122 may be



US 9,224,629 B2

21

formed from the same or different material from conductive
layer 123, and may have the same or different thicknesses. In
an embodiment, conductive layer 123 has a thicker layer of
gold. Conductive layers 122, 123 may form a continuous
conductive layer along the via 120 side surfaces.

Referring now to FIGS. 30A-30B, one or more cavities 136
may then be etched in the base substrate 130 directly under-
neath the array of silicon electrodes such that the array of
silicon electrodes are deflectable into the one or more cavi-
ties. In an embodiment, a separate cavity 136 is formed
directly underneath each pair of silicon electrodes. In an
embodiment, a single cavity 136 is formed directly under-
neath the array of silicon electrodes in electrical communica-
tion with the first and second interconnects 104. In an
embodiment, cavities 136 are formed with a timed release
etch into the base substrate 130 which undercuts the electrode
leads 114 and mesa structures 112. For example, etching may
be performed with a fluorine based chemistry such as XeF, or
SF,. In an embodiment, the one or more cavities 136 are
approximately 15 um deep.

Following the formation of the one or more cavities 136,
the SOI substrate may then be diced, for example using laser
dicing, to form a compliant bipolar transter head array includ-
ing an array of compliant transfer heads 102 interconnected
with silicon interconnects 104, 106 and vias 120 extending
through the base substrate 130 from a backside of the base
substrate to the patterned silicon layer 140, and through the
patterned silicon layer 140, to electrically connect the silicon
electrodes 110 with working circuitry of a transfer head
assembly.

FIGS. 31-37 illustrate various modifications of compliant
bipolar micro device transfer heads spanning between silicon
interconnects 104 in accordance with embodiments of the
invention. While FIGS. 31-37 are illustrated separately from
the processing sequences illustrated above, it is to be appre-
ciated that many of the various modifications described with
respect to FIGS. 31-37 can be implemented into the process-
ing sequences previously described.

FIG. 31 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with cantilever beam and continu-
ous joint in accordance with an embodiment of the invention.
As illustrated, a silicon electrode cantilever beam may
include a pair of silicon electrode leads 114 extending from
two silicon interconnects 104, and pair mesa structures 112
separated by a continuous oxide joint 117 which is on and in
direct contact with the buried oxide layer 124 and extends in
alongitudinal length of the cantilever beam parallel to the pair
of silicon interconnects 104. In such an embodiment, the
oxide joint 117 electrically insulates the pair of silicon elec-
trodes in the bipolar electrode configuration along a longitu-
dinal length of the cantilever beam along both the pair silicon
electrode leads 114 and pair of mesa structures 112. As illus-
trated, the silicon electrode leads 114 may include a bend 115
(illustrated as a 90 degree bend).

FIG. 32 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with cantilever beam and mesa
joint in accordance with an embodiment of the invention. As
illustrated, a silicon electrode cantilever beam may include a
pair of silicon electrode leads 114 extending from two silicon
interconnects 104, and pair mesa structures 112 separated by
a mesa oxide joint 117 which is on and in direct contact with
the buried oxide layer 124 and extends in a longitudinal
length of the cantilever beam parallel to the pair of silicon
interconnects 104. In such an embodiment, the oxide joint
117 electrically insulates the pair of silicon electrodes in the
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bipolar electrode configuration along a longitudinal length of
the cantilever beam along the pair of mesa structures 112. A
illustrated, the pair of silicon electrode leads 114 are physi-
cally separated by patterning and may include a bend 115
(illustrated as a 90 degree bend).

FIG. 33 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with double sided clamped beam
and continuous joint in accordance with an embodiment of
the invention. As illustrated, a silicon electrode double sided
clamped beam may include a pair of bent silicon electrode
leads 114 extending from two silicon interconnects 104, and
pair mesa structures 112 separated by a continuous oxide
joint 117 which is on and in direct contact with the buried
oxide layer 124 and extends in a longitudinal length of the
cantilever beam parallel to the pair of silicon interconnects
104. In such an embodiment, the oxide joint 117 electrically
insulates the pair of silicon electrodes in the bipolar electrode
configuration along a longitudinal length of the double sided
clamped beam along both the pair silicon electrode leads 114
and pair of mesa structures 112. As illustrated, the silicon
electrode leads 114 may each include bends 115 (illustrated
as 90 degree bends) at proximal and distal locations where the
electrode leads extend from the silicon interconnects 104.

FIG. 34 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with a double sided clamped beam
including a pair of'silicon electrodes with double bends and a
mesa joint in accordance with an embodiment of the inven-
tion. As illustrated, a silicon electrode double sided clamped
beam may include a pair of silicon electrode leads 114
extending from two silicon interconnects 104, each lead 114
with a double bend 115, and pair mesa structures 112 sepa-
rated by a mesa oxide joint 117 which is on and in direct
contact with the buried oxide layer 124 and extends in a
transverse width of the double sided clamped beam parallel to
the pair of silicon interconnects 104. In such an embodiment,
the oxide joint 117 electrically insulates the pair of silicon
electrodes in the bipolar electrode configuration along a
transverse width of the cantilever beam between the pair of
mesa structures 112, and the pair of silicon electrode leads
114 are physically separated by patterning. In the embodi-
ment illustrated, each electrode lead 114 is split, so that the
beam configuration assumes an 8-shape configuration with
the silicon electrode leads 114.

FIG. 35 is a plan view illustration and cross-sectional side
view illustration taken along line A-A of a compliant bipolar
micro device transfer head with a double sided clamped beam
including a pair of silicon electrodes with single bends and a
mesa joint in accordance with an embodiment of the inven-
tion. As illustrated, a silicon electrode double sided clamped
beam may include a pair of silicon electrode leads 114
extending from two silicon interconnects 104, each lead 114
with a single bend 115, and pair mesa structures 112 sepa-
rated by a mesa oxide joint 117 which is on and in direct
contact with the buried oxide layer 124 and extends in a
transverse width of the double sided clamped beam perpen-
dicular to the pair of silicon interconnects 104. In such an
embodiment, the oxide joint 117 electrically insulates the pair
of silicon electrodes in the bipolar electrode configuration
along a transverse width of the double sided clamped beam
between the pair of mesa structures 112, and the pair of silicon
electrode leads 114 are physically separated by patterning.

FIGS. 36-37 are plan view illustrations and cross-sectional
side view illustrations taken along line A-A of a compliant
bipolar micro device transfer head with a double sided
clamped beam including a pair of silicon electrodes with
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double bends and a mesa joint in accordance with an embodi-
ment of the invention. As illustrated, a silicon electrode
double sided clamped beam may include a pair of silicon
electrode leads 114 each with a double bend 115, and pair
mesa structures 112 separated by a mesa oxide joint 117
which is on and in direct contact with the buried oxide layer
124 and extends in a transverse width of the double sided
clamped beam parallel to the pair of silicon interconnects
104. In such an embodiment, the oxide joint 117 electrically
insulates the pair of silicon electrodes in the bipolar electrode
configuration along a transverse width of the double sided
clamped beam between the pair of mesa structures 112. In the
particular embodiment illustrated in FIG. 36, the beam is in a
W-shape configuration. In the particular embodiment illus-
trated in FIG. 37, the beam is in an S-shape configuration.
In accordance with embodiments of the invention, the
dielectric layer 118 or 126 covering the mesa structures 112
has a suitable thickness and dielectric constant for achieving
the required grip pressure for the micro device transfer head,
and sufficient dielectric strength to not break down at the
operating voltage. FIG. 38 is a flow chart illustrating a method
of picking up and transferring an array of micro devices from
a carrier substrate to a receiving substrate in accordance with
an embodiment of the invention. At operation 3810 an array
of compliant transfer heads is positioned over an array of
micro devices on a carrier substrate. FIG. 39 is a cross-
sectional side view illustration of an array of compliant bipo-
lar micro device transfer heads 102 positioned over an array
of'micro devices on a carrier substrate 200 in accordance with
an embodiment of the invention. At operation 3820 the array
of micro devices are contacted with the array of compliant
transfer heads. In an alternative embodiment, the array of
compliant transfer heads is positioned over the array of micro
devices with a suitable air gap separating them which does not
significantly affect the grip pressure, for example, 1 nm to 10
nm. FIG. 40 is a cross-sectional side view illustration of an
array of compliant bipolar micro device transfer heads 102 in
contact with an array of micro devices 202 in accordance with
an embodiment of the invention. As illustrated, the pitch of
the array of compliant transfer heads 102 is an integer mul-
tiple of the pitch of the array of micro devices 202. At opera-
tion 3830 a voltage is applied to the array of compliant trans-
fer heads 102. The voltage may be applied from the working
circuitry within a compliant transfer head assembly 160 in
electrical connection with the array of compliant transfer
heads through vias 120. At operation 3840 the array of micro
devices is picked up with the array of compliant transfer
heads. FIG. 41 is a cross-sectional side view illustration of an
array of compliant transfer heads 102 picking up an array of
micro devices 202 in accordance with an embodiment of the
invention. At operation 3850 the array of micro devices is then
released onto a receiving substrate. For example, the receiv-
ing substrate may be, but is not limited to, a display substrate,
a lighting substrate, a substrate with functional devices such
as transistors or ICs, or a substrate with metal redistribution
lines. FIG. 42 is a cross-sectional side view illustration of an
array of micro devices 202 released onto a receiving substrate
300 in accordance with an embodiment of the invention.
While operations 3810-3850 have been illustrated sequen-
tially in FIG. 38, it is to be appreciated that embodiments are
not so limited and that additional operations may be per-
formed and certain operations may be performed in a difter-
ent sequence. For example, in one embodiment, an operation
is performed to create a phase change in a bonding layer
connecting the micro device to the carrier substrate prior to or
while picking up the micro device. For example, the bonding
layer may have a liquidus temperature less than 350° C., or
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more specifically less than 200° C. The bonding layer may be
formed of a material which provides adhesion to the carrier
substrate, yet also a medium from which the micro device is
readily releasable. In an embodiment, the bonding layer is a
material such as indium or an indium alloy. If a portion of the
bonding layer is picked up with the micro device, additional
operations can be performed to control the phase of the por-
tion of the bonding layer during subsequent processing. For
example, heat can be applied to the bonding layer from a heat
source located within the transfer head assembly 160, carrier
substrate 200, and/or receiving substrate 300.

Furthermore, operation 3830 of applying the voltage to
create a grip pressure on the micro devices can be performed
in various orders. For example, the voltage can be applied
prior to contacting the array of micro devices with the array of
compliant transfer heads, while contacting the micro devices
with the array of compliant transfer heads, or after contacting
the micro devices with the array of compliant transfer heads.
The voltage may also be applied prior to, while, or after
creating a phase change in the bonding layer.

Where the compliant transfer heads 102 include bipolar
silicon electrodes, an alternating voltage is applied across the
pair of silicon electrodes in each compliant transfer head 102
so that at a particular point when a negative voltage is applied
to one silicon electrode, a positive voltage is applied to the
other silicon electrode in the pair, and vice versa to create the
pickup pressure. Releasing the micro devices from the com-
pliant transfer heads 102 may be accomplished with a varied
of methods including turning off the voltage sources, lower-
ing the voltage across the pair of silicon electrodes, changing
a waveform of the AC voltage, and grounding the voltage
sources. Release may also be accomplished by discharge
associated with placing the micro devices on the receiving
substrate.

In utilizing the various aspects of this invention, it would
become apparent to one skilled in the art that combinations or
variations of the above embodiments are possible for forming
a compliant bipolar micro device transfer head and head
array, and for transferring a micro device and micro device
array. Although the present invention has been described in
language specific to structural features and/or methodologi-
cal acts, it is to be understood that the invention defined in the
appended claims is not necessarily limited to the specific
features or acts described. The specific features and acts dis-
closed are instead to be understood as particularly graceful
implementations of the claimed invention useful for illustrat-
ing the present invention.

What is claimed is:
1. A transfer head array comprising:
a base substrate; and
an array of compliant transfer heads;
wherein each compliant transfer head comprises a double
sided clamped beam that extends across a cavity from a
first side of the cavity to a second side of the cavity, and
a mesa structure supported by the double sided clamped
beam, wherein the mesa structure protrudes from the
double sided clamped beam over the cavity to provide a
localized contact point for the compliant transfer head;
and
wherein each double sided clamped beam comprises:
a first beam length extending from the first side of the
cavity;
a second beam length extending from the second side of
the cavity;
wherein the first beam length is joined to the second
beam length over the cavity;
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a first 180 degree bend along the first beam length that
extends from the first side of the cavity to the second
beam length; and

a second 180 degree bend along the second beam length
that extends from the second side of the cavity to the
second beam length.

2. The transfer head array of claim 1, wherein the first 180
degree bend includes a first pair of bends.

3. The transfer had array of claim 2, wherein the second
180 degree bend includes a second pair of bends.

4. The transfer head array of claim 1, wherein the double
sided clamped beam is in an S-shape configuration, with a
first end of the S-shape configuration extending from the first
side of the cavity and a second end of the S-shape configura-
tion extending from the second side of the cavity.

5. The transfer head array of claim 1, wherein the double
sided clamped beam is ina W-shape configuration, with a first
end of the W-shape configuration extending from the first side
of the cavity and a second end of the W-shape configuration
extending from the second side of the cavity.

6. The transfer head array of claim 1, further comprising a
dielectric layer covering the mesa structure of each compliant
transfer head.

7. The transfer head array of claim 1, wherein each double
sided clamped beam extends across the same cavity.

8. The transfer head array of claim 1, wherein each double
sided clamped beam extends across a separate cavity.

9. The transfer head array of claim 1, wherein each double
sided clamped beam comprises a pair of protruding mesa
structures over the cavity to provide the localized contact
point for the compliant transfer head, the pair of protruding
mesa structures including the protruding mesa structure and a
second protruding mesa structure, wherein the protruding
mesa structure protrudes from the first beam length and the
second protruding mesa structure protrudes from the second
beam length.
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10. The transfer head array of claim 9, wherein the first 180
degree bend includes a first pair of bends.

11. The transfer had array of claim 10, wherein the second
180 degree bend includes a second pair of bends.

12. The transfer head array of claim 9, wherein the double
sided clamped beam is in an S-shape configuration, with a
first end of the S-shape configuration extending from the first
side of the cavity and a second end of the S-shape configura-
tion extending from the second side of the cavity.

13. The transfer head array of claim 9, wherein the double
sided clamped beam is ina W-shape configuration, with a first
end of the W-shape configuration extending from the first side
of the cavity and a second end of the W-shape configuration
extending from the second side of the cavity.

14. The transfer head array of claim 9, further comprising
a dielectric layer covering the pair of mesa structures of each
compliant transfer head.

15. The transfer head array of claim 14, wherein the dielec-
tric layer is formed between the pair of mesa structures of
each compliant transfer head.

16. The transfer head array of claim 14, further comprising
a dielectric joint between the protruding mesa structure and
the second protruding mesa structure of each compliant trans-
fer head.

17. The transfer head array of claim 16, wherein the dielec-
tric layer is formed over the dielectric joint.

18. The transfer head array of claim 17, wherein the dielec-
tric layer is formed of a different material than the dielectric
joint.

19. The transfer head array of claim 9, wherein each double
sided clamped beam extends across the same cavity.

20. The transfer head array of claim 9, wherein each double
sided clamped beam extends across a separate cavity.
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